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| BACKG ROU N D
Venous thromboembolism (VTE) includes both deep vein thrombosis and pulmonary embolism, and is a potentially life-threatening disease. After myocardial infarction and stroke, it is the most frequent cardiovascular disease worldwide. 1 The incidence of VTE is higher in women than in men up until the age of 50 years. 2 This can mainly be attributed to oral contraceptive use and pregnancy, which strongly increase VTE risk. [3] [4] [5] In men, there are reports implicating testosterone therapy with an increased VTE risk. 6 Endogenous hormones also seem to play an important role in VTE risk, as is exemplified by the increased VTE risk observed during pregnancy. 7, 8 In addition, female-specific disorders involving abnormalities in endogenous sex hormone levels, such as primary ovarian insufficiency (POI) and polycystic ovary syndrome (PCOS) have been associated with (arterial) cardiovascular diseases. [9] [10] [11] [12] [13] In a Danish study, women with PCOS had a 2-fold increased VTE risk as compared with healthy controls.
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In another Danish cohort study, there no association was observed between overall estrogen and testosterone levels and VTE risk; however, there were only a few events in premenopausal women, and time from the blood draw to the event was several years. 14 Further studies on endogenous sex hormone levels and VTE risk are scarce, and often concern men or postmenopausal women. [15] [16] [17] Therefore,
we set out to explore the association between endogenous sex hormone levels, both overall and as proxies for POI and PCOS, and VTE risk in women aged up to the age of 45 years.
| ME THODS

| Design and study population
For this study we used data from the Multiple Environmental and Genetic Assessment of risk factors for venous thrombosis (MEGA) study. The MEGA study is a large population based case-control study, the design of which has been described in detail previously. 18, 19 For the present study, we included women up to the age of 45 years who had not been pregnant in the year before the index date.
Of these, we included only participants who provided a blood sample,
were not pregnant, and did not use any hormones (e.g., oral contraceptives or hormone replacement therapy) at the time of blood draw.
| Blood samples and laboratory measurements
Cases were asked to donate a blood sample at least 3 months after cessation of anticoagulant therapy. For patients who were receiving long-term anticoagulant therapy, blood was drawn after 1 year. The partner controls were invited to donate a blood sample at the same moment as their partners (i.e., the cases with a VTE). The random digit dial control group was invited for blood sampling around the moment of completion of the questionnaire. All collected blood samples were drawn into standard sodium citrate-containing vacuum tubes, and were centrifuged for 10 minutes at 4°C. Aliquoted plasma was then stored at −80°C. 
| Free androgen index
The free androgen index (FAI) is commonly used in clinical practice to assess androgen status, and is calculated on the basis of based on total testosterone and SHBG levels.
20
Free androgen index = 100 * Total testosterone(nmol∕L) Sex hormone binding globulin(nmol∕L)
Essentials
• The influence of endogenous sex-hormones on venous thromboembolism (VTE) risk is largely unknown.
• We assessed the association between several sex hormones and VTE risk in young women.
• In a case-control study VTE risk was assessed for quartiles of hormone levels and cut-off values.
• Estradiol, sex-hormone binding globulin and free androgen index were associated with VTE risk.
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The FAI is the ratio between total testosterone and SHBG concentration, and thus has no units. 
| Proxy for POI and PCOS
As data for the full clinical criteria were not available, a proxy for POI was assigned on the basis of FSH levels of >40 U/L. 21 A proxy for PCOS was assigned on the basis of an FAI of >4.5.
10,22,23
| Estradiol to testosterone ratio
The magnitude of VTE risk in oral contraceptive users is dependent on the dose of estrogen and the type of progestogen. As the estrogen and the progestogen in the are considered to reflect the "estrogenicity" and the "androgenicity" of the preparation, 24 we investigated the association between the endogenous estradiol to testosterone ratio (E:T) and VTE risk. E:T was calculated as follows: 
| Statistical analyses
First, logistic regression models were used to estimate odds ratios (ORs) with 95% confidence intervals (CIs) for quartiles of hormone levels (based on levels in the controls) and VTE risk. This was performed in a similar manner for quartiles of the free androgen index. Second, ORs with 95% CIs were estimated for the proxies for POI (vs levels in the first quartile and vs no POI) and PCOS (vs values in the first quartile and vs no PCOS) and VTE risk. The ORs were adjusted for age, body mass index (BMI) (kg/m 2 ) and current smoking (yes vs no). (44%) were cases (i.e., patients with a VTE) and 3356 (56%) were con- 
| RE SULTS
| Study population
| Overall hormone levels
The ORs with 95% CIs for quartiles of hormone levels and VTE risk are shown in Table 2 . There was no apparent association between levels of total testosterone and FSH and risk of first VTE. At the fourth quartile of estradiol levels, there was a somewhat increased VTE risk (OR 1.6; 95% CI 1.0-2.5) as compared with levels in the first quartile. For SHBG levels, there was a dose-response association, whereby, with increasing quartiles of hormone levels, the OR for VTE increased up to 2.0 (95% CI 1.2-3.3) at the fourth quartile as compared with the first.
| Proxy for POI and PCOS
FSH levels of ≥40 U/L, as a proxy for POI, were not associated with VTE risk (Table 2) . As compared with the first quartile of FSH levels (<4.5 U/L), this yielded an OR of 0.7 (95% CI 0.2-2.1). As compared with levels of <40 U/L (i.e., no POI), this OR was 0.8 (95% CI 0.3-2.1).
Values for the FAI and VTE risk are shown in Table 2 
| Estradiol to testosterone ratio
We observed no association between quartiles of E:T and VTE risk (Table 3) .
| D ISCUSS I ON
We investigated the association between endogenous sex hormone levels and risk of a first VTE in women aged up to 45 years. Levels of total testosterone and FSH were found not to be associated with VTE risk. For estradiol levels, there was an increased risk at levels in the fourth quartile as compared with those in the first quartile. We observed a dose-response relationship for SHBG levels and VTE risk.
For the FAI, we observed a U-shaped relationship, whereby VTE risk was increased at low and high values. Especially at an FAI of >4.5, indicative of PCOS, VTE risk was increased.
Our study has several strengths. First, a large number of young women with a first VTE, for whom detailed information on risk factors and a blood sample was available, could be included in the study.
Second, the time frame between the event and the time of blood donation was short, strengthening the assumption that the measured hormone levels resemble the situation before the time of the event.
Finally, we measured testosterone levels, which are generally low in young women, by means of LC-MS, which is more accurate than conventional immunoassays. 20 An important limitation of our study is that we used hormone levels to assign proxies for POI and PCOS, and could not employ the full clinical criteria. 10, 21 Moreover, owing to the study's case-control design, although the blood draw took place only several months from the event, it took place afterwards. Therefore, the results could be susceptible to reverse causation, a situation in which the result of a disease is mistaken for the cause of the disease. For this reason, we included only women who did not use hormones (and were not pregnant) at the time of blood draw, ensuring that the results were not affected by exogenous hormone use or pregnancy. In addition, it is unlikely that the differences in hormonal levels between the cases and controls resulted from the VTE itself.
Our observations on estradiol and total testosterone are mostly in line with a Danish population-based cohort study, in which, after a follow-up of several years, no association was found between estradiol or total testosterone levels and VTE risk. 14 This study was limited, however, by a small number of events in premenopausal women (n = 58) and a long period of several years between the measurement of the hormone levels and the events. 14 In our study, we were able to confirm these findings in a large group of young women with VTE and a limited time between blood draw and the actual event (i.e., only months instead of multiple years), strengthening the assumption that, in our study, the studied hormone levels resemble the situation just before and at the time of the event. In addition, we observed an, albeit small, 1.6-fold increased VTE risk at the fourth quartile of estradiol levels, whereby the direction of the effect was similar in all models, but only in the fully adjusted model did the 95% CI not cross
unity. An increased VTE risk with higher estradiol levels could be TA B L E 2 Quartiles (based on levels/values in the controls) of endogenous sex hormone levels and the free androgen index and venous thromboembolism risk biologically plausible. Other situations in which estrogen levels are increased, e.g., during oral contraceptive use and during pregnancy, are also associated withe an increased VTE risk, presumably because of procoagulant changes. 4, 22, [25] [26] [27] [28] For pregnancy, these procoagulant changes are evolutionarily beneficial, as they could reduce blood loss during pregnancy and especially after delivery. 8 It could thus be the case that increases in endogenous levels outside of pregnancy elicit similar (albeit to a smaller extent) procoagulant effects, which may result in the observed increased VTE risk.
We observed a dose-response association between SHBG levels and VTE risk, up to a 2-fold risk in the highest quartile of levels. It should be noted that only in the adjusted models did the 95% CI not cross unity, suggesting that age, BMI and smoking are apparently important confounders. In a previous study in women also not using hormonal contraceptives, SHBG levels were also associated with VTE risk. 29 However, in this study, six single-nucleotide polymorphisms in the SHBG gene were not associated with VTE risk, suggesting that SHBG levels constitute a marker of the risk but not a causal factor.
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The findings from our study confirm the association between SHBG levels and risk of first VTE, outside of oral contraceptive use. The biological mechanism that explains this association is largely unknown.
SHBG is a carrier protein of mostly estradiol and testosterone, and therefore contributes to the regulation of bioavailability of these sex hormones. 30, 31 In oral contraceptive users, SHBG has previously been identified as a marker of thrombotic risk in several studies. 5, 24, 32, 33 Here, it was postulated that both the dose of estrogen and the type of progestogen determine changes in SHBG levels. 24 In this way, SHBG levels were proposed to reflect the total "estrogenic" effect of estrogen and the total "antiestrogenic" (or androgenic) effect of progesto- 
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Androgen excess in women, which is the case in POCS, has been associated with metabolic disturbances that give rise to increased levels of both inflammatory and procoagulant markers. [36] [37] [38] These changes may explain the increased VTE risk that we observed, beyond high BMI, smoking, and hormone use. Moreover, women with PCOS have also been found to have a higher prevalence of non-alcoholic fatty liver disease than women without the syndrome. 36, 39 Non-alcoholic fatty liver disease is associated with increased procoagulant levels, which may also contribute to an increased VTE risk. 40, 41 Although they are not directly applicable to clinical practice at present, the results of our study are relevant and may contribute to future risk assessment strategies for VTE. Estradiol and SHBG levels and a diagnosis of PCOS or the FAI may prove to be important markers of increased risk. For example, in women with PCOS, in whom important VTE risk factors such as hormonal contraceptive use and obesity are often clustered, risk assessment may be guided by future models including these markers.
In conclusion, we were able to study the levels of endogenous sex hormones measured close to the time of a first VTE in a large group of young women. Total testosterone and FSH levels were not associated with VTE risk in women aged 45 years or less. Estradiol levels, SHBG levels and the FAI indicating hyperandrogenism and as a marker for POCS were associated with an increased VTE risk.
These findings support a role for endogenous sex hormones in the underlying mechanism of VTE. In addition, estradiol levels, SHBG levels and hyperandrogenism (indicated by an FAI of >4.5) are promising potential indicators of VTE risk.
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